Endometriosis, a common disorder affecting women of reproductive age, is characterized by ectopic growth of the endometrial tissues, altered steroid hormone response, and inflammation. Previous studies revealed that statins, selective inhibitors of the key step of mevalonate pathway, inhibit growth of endometrial stromal cells in vitro and reduce endometriotic lesions in murine models of endometriosis. This study evaluated the effects of simvastatin on the development of endometriosis in a baboon model of this disease. Sixteen baboons were randomly assigned to the treatment group (simvastatin, 20 mg daily) or to the control group. Endometriotic lesions were evaluated by laparoscopy after 3 months. The volume of red, orange-red, and white endometriotic lesions was significantly reduced by 78% in animals treated with simvastatin. The expression of a marker of proliferation, proliferating cell nuclear antigen (PCNA), was significantly reduced in animals receiving simvastatin in red lesions, white lesions, black lesions, and in adhesions. Simvastatin was also associated with an increase in the expression of estrogen receptor alpha in red lesions, and a decrease in the expression of estrogen receptor beta in black lesions, in adhesions, and in eutopic endometrium. Furthermore, simvastatin significantly reduced the expression of neopterin, a marker of inflammation, oxidative stress, and immune system activation. Collectively, the present findings indicate that the inhibition of the mevalonate pathway by simvastatin reduces the risk of developing endometriosis in the primate model of this disease by decreasing the growth of endometrial lesions, by modulating the expression of genes encoding for estrogen receptors, and by reducing inflammation.
Introduction
Endometriosis is defined as the presence of endometrial glandular and stromal cells outside the uterus. It is one of the most common and often devastating gynecologic disorders affecting up to 10% of women in reproductive age, and is associated with dysmenorrhea, dyspareunia, intermenstrual pain, and infertility [1] [2] [3] . While the pathophysiology of endometriosis is still not well understood, extensive evidence points to a key role of estrogens acting on eutopic and ectopic endometrial tissues via both estrogen receptor alpha (ESR1) and estrogen receptor beta (ESR2), altering the phenotype of these tissues and leading to increased cell proliferation, adhesiveness, and invasiveness [4] [5] [6] . Epigenetic studies demonstrate that endometriosis is associated with hypomethylation of the promotor region and the consequent upregulation of ESR2 [7] . Indeed, mRNA levels of Esr2 are greatly elevated in endometriotic tissues and an increased expression of ESR2 is thought to play a major role in the stimulation of cyclo-oxygenase (COX)2, the activation of the inflammasome, and ultimately the development of endometriotic lesions [5, 6, 8] . Increased COX2 is just one of many manifestations of local and systemic inflammation associated with endometriosis [9] [10] [11] [12] [13] . Another feature of endometriosis is an increase of oxidative stress manifested, for example, by the elevation of serum thiols and carbonyls, an increase of HSP70bB , as well as increased levels of oxidative and carbonyl stress markers [14] [15] [16] [17] [18] [19] . Advanced endometriosis is associated with an increase of total oxidant status and oxidative stress index while total antioxidant status is reduced [20] .
Despite the major impact of endometriosis on women's health and extensive research efforts, currently available medical treatments such as GnRH analogs, oral contraceptives, and progestins are often ineffective or are associated with significant side effects. Based on the above-discussed aspects of the pathophysiology of endometriosis, we proposed that statins may represent a novel treatment of this disorder. Statins are competitive inhibitors of the rate-limiting step of the mevalonate pathway; inhibition of this pathway leads to the decreased production of several biologically active downstream products, including cholesterol and substrates of isoprenylation (farnesyl pyrophosphate and geranyl-geranyl pyrophosphate) resulting in anti-proliferative and anti-inflammatory effects on many tissues [21] [22] [23] . We and other investigators reported that statins inhibit proliferation and promote apoptosis of eutopic and ectopic endometrial stromal tissues in vitro [24] [25] [26] [27] [28] . We also found that simvastatin decreased the invasiveness of endometrial stromal cells in cultures [29] . Studies in vivo demonstrated that statins are highly effective in the reduction of the number and size of endometriotic lesions in several murine models of endometriosis [30] [31] [32] . Statins also exerted anti-inflammatory effects by reducing the expression of monocyte chemotactic protein 1 in endometrial stromal cells in vitro and in endometriotic implants in a nude mouse model of endometriosis [33] .
In view of these considerations, we embarked on a pilot study evaluating the effects of statin on a primate model of endometriosis. We chose a well-established baboon model to investigate the effects of simvastatin on endometriotic lesions in vivo, as well as the evaluation of expression of selected genes in ectopic and eutopic endometrial tissues. We also evaluated the serum level of neopterin, a marker of oxidative stress, inflammation, and the degree of immune system activation [34] [35] [36] .
Materials and methods

Animals
Sixteen healthy adult female baboons, Papio Anubis, were used in the study. The animals were trapped in the wild, quarantined for 3 months, and handled as described previously [37, 38] . Animal care and all procedures in this study were carried out in accordance with the Institute of Primate Research standard operating procedures. The Institutional Scientific Evaluation and Review Committee and Animal Care and Use Committee of both the Institute of Primate Research and Yale University approved the study. Animals were randomly assigned to the control group (N = 8) and to simvastatin group (N = 8). Randomization of each animal was carried out by the laboratory technician (and not an animal attendant) by opening a sealed opaque envelope containing assignment to control or treatment group. Weights of animals were comparable: 12.3 ± 0.6 and 12.0 ± 0.7 kg in the control group and the simvastatin group, respectively (mean ± SEM).
Endometriosis was induced as described previously by seeding autologous endometrial tissues [37, 39] . Briefly, endometrial tissues were collected by uterine curettage on the first or second day of menses. The tissues were fragmented and the resulting paste (1000 mg ± 250 mg; mean ± SD) was seeded at laparoscopy in several peritoneal sites (uterosacral ligaments, uterovesical fossa, pouch of Douglas, ovaries, and ovarian fossa). Treatment with simvastatin (20 mg orally daily inserted into the banana meal) was initiated immediately after the laparoscopy and continued for 3 months. Animals in the control group underwent a second laparoscopy 6 weeks after the induction of endometriosis to assure establishment of disease. All animals in the control and simvastatin groups underwent laparoscopies 3 months after the induction of endometriosis; in each group, one animal was in follicular phase and the remaining seven animals were in mid-cycle to luteal-menstrual phases (based on observations of their perineum, i.e. perineal stage) [40] . A detailed inspection of peritoneal cavity was performed by the same team of observers and documented by videotaping. Endometriotic lesions were measured in three dimensions, and volume was calculated using the prolate ellipsoid formula (product of three dimensions multiplied by π/6). Endometriotic lesions were characterized and grouped into red lesions, red-orange (flame-like) lesions, white lesions, and black lesions. Adhesions were measured and described as filmy or dense. Blood samples were collected and serum was frozen. Following this laparoscopy, four of the eight animals in both the control group and in the simvastatin group were euthanized and necropsy was performed. Endometriotic lesions and eutopic endometrium samples were collected and stored frozen. Remaining animals in both groups were maintained without treatment for an additional 6 months and a repeat laparoscopy was performed; evaluations of peritoneal cavity were performed again; subsequently, the animals were euthanized and necropsies were performed.
Tissues
Endometriotic lesions and eutopic endometrial tissues were stored at -80
• C. Samples were homogenized using the Qiagen (Valencia, CA) Tissuelyser and RNA/DNA/protein extractions were performed using the Qiagen Allprep system according to the manufacturer's instructions. cDNA synthesis was performed using the BioRad (Hercules, CA) iScript cDNA synthesis kit using 500 ng of RNA in each reaction as per the manufacturer's instructions. Primers (Table 1) were custom-designed using PerlPrimer and tested for primer dimers Forward Reverse using melt curve analysis. All sample/primer pairs were run in triplicate using the BioRad CFX Connect qPCR system. Data were analyzed using the 2 − Ct method using β-actin as the endogenous control. Data analysis was performed using Graphpad Prism (San Diego, CA).
Determination of serum level of neopterin
Serum samples were collected at the time of laparoscopy from animals treated with simvastatin (N = 7) or from the control group (N = 7) and stored at -80 • C until analysis. Serum samples from the remaining one animal in each group were degraded and were not suitable for analysis. Neopterin levels were evaluated at the baseline (at the time of induction of endometriosis), after 3 months of treatment, and at the time of termination of the study (6 months after completion of the treatment). Serum samples were analyzed in duplicate using the Genway Neopterin competitive ELISA kit as per the manufacture's specifications (Genway Biotech Inc., San Diego, CA). Absorbance was measured on the iMark Microplate reader (Bio-Rad, Hercules, CA), and a standard curve was calculated by four-parameter logistics using the Microplate Manager software. The absorbance of all samples fell within the minimum and maximum limits of the standard curve.
Statistical analysis
Data were analyzed using JMP pro 11 statistical software (SAS Institute, Cary). Data are presented as the mean ±SEM. Comparisons between the groups were performed using, as appropriate, the one-way or two-way analysis of variance, the Student t-test, or the Wilcoxon test. Distribution was assessed for normality using the Shapiro-Wilk test.
Results
Assessment of the number and size of endometriotic lesions
At baseline, during the induction of endometriosis, all animals were carefully evaluated for the presence of spontaneous endometriosis. Only one animal in the simvastatin group had a single black lesion measuring 1.5 by 1.5 by 0.5 mm. Table 2 summarizes the findings of laparoscopies performed 3 months after the induction of endometriosis. The numbers of all lesions in the control group and the simvastatin group were not statistically different. There was a trend toward lower combined volume of all lesions in the simvastatin group than in the control group, but it did not reach statistical significance (decrease by 69%; P = 0.08). Since red, orange-red, and white lesions are more likely to contain histologically confirmed endometriotic tissues than black lesions [41] , these lesions were analyzed separately; the combined volume of these lesions was significantly lower in the simvastatin group than in the control group (by 78%; P = 0.04). Evaluations of adhesions indicated a trend toward smaller size of adhesions in the simvastatin group; however, this effect was not statistically significant. Four animals from the control and simvastatin groups were housed for additional 6 months following completion of 3-month treatment and final laparoscopies on the day of euthanasia were performed; at that time, both groups of animals did not significantly differ in the number, the type, or the volume of endometriotic lesions (Table 3) .
Evaluation of tissues and serum
Assessment of mRNA expression of selected genes from endometriotic lesions is presented in Table 4 . Since the stage of menstrual cycle may significantly alter expression of the above genes, this analysis was carried out only on specimens collected from animals in the luteal phase (four in each group). The expression of Pcna, a marker of proliferative activity, was significantly lower in the simvastatin group than in the control group in red lesions (by 62%; P = 0.005), in white lesions (by 58%; P = 0.001), in black lesions (by 61%; P = 0.001), and in adhesions (by 63%; P = 0.029).
Since estrogens and estrogen receptors play an important role in the pathophysiology of endometriosis, the mRNA expression of Esr1 and Esr2 was also evaluated. The expression of Esr1 was significantly increased in red lesions of animals treated with simvastatin (by 28%; P = 0.03). In contrast, simvastatin treatment was associated with a significantly lower expression of Esr2 in black lesions (by 48%, P = 0.003), in adhesions (by 47%; P = 0.02), and in eutopic endometrium (by 21%, P < 0.001). However, these effects did not statistically significantly alter the ratio of Esr1 to Esr2.
The effect of simvastatin treatment on the serum level of neopterin is illustrated in Figure 1 . At baseline, both groups had comparable serum neopterin levels. At the time of completion of 3-month treatment, animals in the simvastatin group had a Figure 1 . Effect of treatment on serum neopterin. Data analysis was performed using two-way analysis of variance followed by post-hoc pairwise comparisons. Neopterin level was determined from serum obtained on the day of induction of endometriosis (pre-induction), after 3 months of treatment (end of treatment) and 6 months after discontinuation of treatment (post-treatment).
significantly lower level of neopterin (by 43%, P < 0.05), while 6 months after discontinuation of treatment, animals in the simvastatin group had even lower neopterin level (by 53%, P < 0.001) than the animals in the control group.
Discussion
This report demonstrates for the first time that a statin affects endometriosis in a primate model of this disease. Specifically, we found that simvastatin treatment was associated with (i) a reduction in the combined volume of red, orange, and white endometriotic lesions; (ii) decreased expression of Pcna in several types of lesions; (iii) changes of Esr1 and Esr2 expression; and (iv) a decrease of serum neopterin.
The baboon model of endometriosis is well characterized, and it closely approximates many key features of human endometriosis including morphological appearance of lesions as well as alterations in the phenotype of endometriotic lesions including dysregulation of proteins involved in invasion, cell growth, and steroid hormone action [39, [42] [43] [44] . Present observations that the animals ingesting simvastatin had significantly lower volume of red, orange, and white lesions is consistent with several previous studies reporting that the statins simvastatin and atorvastatin greatly reduced endometriotic lesions in rat and mouse models of endometriosis [30] [31] [32] . This finding is also consistent with our studies of isolated human endometrial stromal cells, whereby statins reduced cell growth by inhibiting proliferation and promoting apoptosis [24, 28] . Indeed, in this study, in parallel with the decrease of the size of endometriotic lesions, simvastatin treatment was associated with a marked reduction of mRNA for Pcna in the majority of lesions/adhesions. PCNA is a well-recognized marker of proliferative activity of tissues [45] and a reduction of its expression in response to simvastatin has been demonstrated in several other biological systems [46] [47] [48] . However, it should be noted that antiproliferative effects of statins are not universal; thus, for example, simvastatin increased proliferation and expression of PCNA of human osteoblasts and alveolar epithelial cells [49, 50] , demonstrating that these effects are tissue specific.
Other interesting findings in this study pertain to the pattern of expression of Esr1 and Esr2. While both ESR1 and ESR2 are important contributors to endometriosis, there is evidence for a decrease of ESR1 and an increase of ESR2 in endometriotic lesions in comparison to eutopic endometrium [5, 51] .
In this context, it is interesting to note that in this study simvastatin exposure led to an altered expression of Esr1 and Esr2 in several endometrial lesions: an increase of Esr1 and a decrease of Esr2. Particularly relevant is the decreased expression of Esr2, since a recent groundbreaking study has demonstrated that ERß activates inflammatory responses by activating the inflammasome and increasing interleukin-1ß [6] . Endometriosis is characterized by inflammation, increased oxidative stress, and activation of the immune system [34] [35] [36] . In this context, it is interesting that we observed that the baboons exposed to simvastatin had significantly lower serum levels of neopterin than the control animals. Furthermore, neopterin levels continued to decline in the simvastatin group as observed 6 months after the discontinuation of simvastatin (Figure 1 ). Neopterin is a low-mass compound produced by activated human and other primate monocytes/macrophages in response to interferon gamma and other cytokines; concentrations of neopterin may be used as a marker of the extent of oxidative stress, inflammation, and the degree of immune system activation [34] [35] [36] . Serum levels of neopterin are significantly elevated in women with endometriosis [52] .
Several limitations of this study should be discussed. First, this was a pilot study using only eight animals per treatment group. The use of such small number of animals was unavoidable due to logistical reasons, and hence the findings were affected by the variability inherent to the study of animals captured from the wild rather than inbred animals. Second, one has to be cautious while extrapolating the relevance of the observations from a baboon model of endometriosis to women with this disease. Third, there is no consensus regarding the "translation" of the dose of any drug across different species. One approach is to use the body surface area as a normalization method [53] . Using this method (human equivalent dose (mg/kg) = animal dose (mg/kg) × (K m baboon = 20/K m human = 37), the dose of simvastatin selected in this study (20 mg/day administered to a 12 kg baboon) would correspond to approximately 54 mg/day dose administered to a human weighing 60 kg. This dose is close to the dose of simvastatin (20-40 mg/day) typically administered to patients receiving long-term treatment for dyslipidemia. However, it should be noted that higher doses of simvastatin (e.g. 80 mg/day) are associated with an increased risk of myotoxicity compared with the maximum doses of other statins [54] . A significant limitation of this study was the performance of laparoscopy at 6 weeks after the induction of endometriosis in control animals only; this design was a result of using control animals also in another study. We acknowledge that performance of laparoscopy in control animals may have altered their immune response and may have affected the results. However, we noticed that the levels of neopterin, a marker of immune response, continued to decline in the simvastatin group after the second laparoscopy, as observed 6 months after the discontinuation of treatment (Figure 1 ). Another limitation of this study was the strict adherence to the schedule of a 3-month treatment and completion of the study irrespective of the cycle stage (perineal stage) of the animals. However, an alternative approach whereby the study would be completed at the identical stage of the cycle for each animal would result in marked differences in the duration of treatment. Finally, since the administration of simvastatin was commenced on the same day as induction of endometriosis, the present observations are pertinent to potential protection from growth of endometriotic lesions, for example, to reduce the recurrence of this disease after surgery, rather than treatment of established disease. The above limitations notwithstanding, the present observations encourage consideration for further studies of statins as novel therapeutic agents in endometriosis.
To date, little is known regarding the effects of statins on human endometriosis. One recent study evaluated pain recurrence after surgery for endometriosis and found that pain scores were comparable in subjects receiving simvastatin (20 mg/day) or Decapeptyl (3.75 mg every 4 weeks) [55] . It is not known, however, whether the use of statin(s) has an effect on human endometriotic lesions. Notably, there is a paucity of clinical trials evaluating the effects of statins in premenopausal women, largely due to concerns regarding potential teratogenicity of statins [56] ; hence, the use of these medications should be restricted to women using reliable contraception. In women with polycystic ovary syndrome, who typically suffer from oligomenorrhea and hyperandrogenism, simvastatin improved menstrual cyclicity and reduced androgen levels [57] ; however, the effects of statins on reproductive function of women with normal ovarian function are not known. In view of the above considerations, the routine use of statins in treatment of endometriosis cannot be recommended until rigorous clinical trials demonstrate both the efficacy and long-term safety.
In summary, our findings suggest that the inhibition of the mevalonate pathway using simvastatin reduces the burden of endometriosis in the baboon model of this disease. Potential mechanisms of action of simvastatin include a reduction of the growth of endometrial lesions, modulation of expression of genes encoding for estrogen receptors, and a reduction of systemic inflammation.
